Further developments of molecular biology have been requiring molecular tools with which the functions of living cells and organelles can be visualized. 1 Fluorescent indicators provided for that purpose would be required to have properties of (1) large fluorescence spectral changes upon binding a target analyte and (2) absorbing light and emitting fluorescence in a visible region.
Further developments of molecular biology have been requiring molecular tools with which the functions of living cells and organelles can be visualized. 1 Fluorescent indicators provided for that purpose would be required to have properties of (1) large fluorescence spectral changes upon binding a target analyte and (2) absorbing light and emitting fluorescence in a visible region.
Among the known fluorescent dyes, hemicyanine dyes, including styrylpyridinium dyes, may be excellent fluorescent indicators, because they exhibit fluorescence sensitive to the environment surrounding the dyes at a visible region. [2] [3] [4] [5] [6] Moreover, the syntheses of hemicyanine dyes are quite easy. Based on these reasons, hemicyanine dyes have been subjected to a dye library in combination with solidphase syntheses.
Although the library approaches have successfully yielded some hemicyanine dyes with which β-amiloyd and GTP were visualized, 7, 8 it would be difficult for them to gain insight into the structural requisites for large fluorescence enhancements. Recently, we found that the fluorescence of 4-(4′-dimethylamino)styryl-1-heptylpyridinium (C7SP) increased by more than 100-fold when it formed a hostguest complex with β-cyclodextrin (β-CD) bearing a phenylboronic acid residue (PBCD-2). 9 We tentatively explained the π-π stacking and electrostatic interactions between the styryl residue of C7SP and the phenylboronic acid residue of PBCD-2 as being origins of the great fluorescence enhancement of C7SP. However, it remains a question as to whether the great fluorescence enhancement was a special case for the C7SP and PBCD-2 complex, or not. In this report, we present the generality of the fluorescence enhancement of strylpyridinium dyes under a certain condition, where a π-π stacking interaction feasibly occurred, by applying another styrylpyridinium dye, (4-(4′-dimethylamino)styryl-1-methylpyridinium; C1SP), and other β-CD derivatives (Fig. 1) .
Three sets of β-CD derivatives were synthesized for investigating the fluorescence enhancement of C1SP: (1) phenylboronic acid derivatives (PBCD-1 and PBCD-2), (2) naphthylureido derivatives (NUCD-1 and NUCD-2), and (3) pyrenylamido derivatives (PyCD-1 and PyCD-2).
Identification of the β-CD derivatives was made by mass (FAB) and 1 H NMR spectroscopy, and their purity was checked by combustion analyses. It is noted that a pyrene ring attached at a CD rim offers an effective π surface capable of interacting with an aromatic ring. The fluorescence of 4-(4′-dimethylamino)styryl-1-methylpyridinium (C1SP) was enhanced by more than 33-fold by complexation with β-cyclodextrin (β-CD) bearing a naphthalene, pyrene, or phenylboronic acid group. The great enhancement of the fluorescence of C1SP was due to a π-π stacking interaction, by which the bond rotation of C1SP was effectively suppressed. The results indicate that C1SP and structurally related hemicyanine dyes potentially become powerful fluorescent indicators for aromatic compounds through the π-π stacking interaction in water. β-CD derivatives.
The fluorescence intensities of the complexes normalized by that of C1SP alone at 572 nm were 100, 33, and 61 for the complexes of C1SP with PBCD-2, NUCD-1, and PyCD-1, respectively.
It has been proposed that the fluorescence of C1SP was enhanced by the suppression of bond rotation around Ψ2 and Ψ4 (see Fig. 1 ). 4, 11 This suppression should decrease the nonradiative relaxation pathway of C1SP, thereby increasing its fluorescence quantum yield.
The observed fluorescence enhancement of C1SP by PBCD-2, NUCD-1, and PyCD-1 indicate that they would suppress bond rotation around Ψ2 or Ψ4. For PBCD-2, it is expected that an electrostatic interaction between cationic C1SP and anionic PBCD-2 (pKa 7.63) 9 would result in suppression of the bond rotation in C1SP. However, NUCD-1 and PyCD-1 do not bear a negative charge to interact electrostatically with C1SP. As a consequence, the great fluorescence enhancement of C1SP attained by complexation with NUCD-1 and PyCD-1 is promoted by a π-π stacking interaction. The largest fluorescence enhancement caused by PBCD-2 may be due to the contribution of the electrostatic interaction.
In the UV-visible absorption spectra, C1SP alone showed its peak maximum at 443 nm (ε = 3.3 × 10 4 M -1 cm -1 ). The addition of PBCD-1, NUCD-2, and PyCD-2, which were ineffective hosts in enhancing the fluorescence of C1SP, decreased the absorbance slightly (within 2%) without any shifts in the peak maximum. In contrast, the peak position shifted by 10 nm to the red in the presence of 0.1 mM PBCD-2, NUCD-1, and PyCD-1. The observed red-shifts indicate that the π conjugation system of C1SP was extended when it was complexed with the hosts, and supported the existence of the π-π interaction between the aromatics of the hosts and C1SP.
1 H NMR measurements (D2O, pD 7.6) clearly demonstrate that the existence of the π-π stacking interaction. The sharp signals of C1SP at the aromatic region were severely broadened in the presence PBCD-2, NUCD-1, and PyCD-1 with large high-field shifts, except for the signals of the protons ortho to the pyridinium nitrogen (Fig. 3) .
The observed signal broadening and high-filed shifts indicate that some of the aromatic protons of C1SP existed within a shielding region of the π surface of the hosts while experiencing a severe restriction of the molecular motion. Thus, it can be concluded that a part of C1SP closely contacted with the aromatic rings of the hosts.
Although the existence of the π-π stacking interaction between the aromatics of C1SP and the hosts has been evidenced, the 1 H NMR spectral changes revealed that the conformations of the C1SP/PBCD-2, C1SP/NUCD-1, and C1SP/PyCD-1 were different from one another. In the presence of hosts, the signals of the olefin protons of C1SP shifted to a high-field region with severe signal broadening. However, whereas PBCD-2 induced high-field shifts on the signals of the aniline protons, NUCD-1 and PyCD-2 induced high-field shifts on the signals of the pyridinium protons. This difference indicates that the π-π stacking of C1SP with PBCD-2 occurred at the olefin to aniline parts of C1SP, and that with NUCD-1 and PyCD-1 occurred at the olefin to the pyridinium part of C1SP. The conformational differences of the complexes of C1SP with PBCD-2, NUCD-1, and PyCD-1 are schematically depicted in Fig. 4 . Although C1SP interacts with PBCD-2, NUCD-1, and PyCD-1 with different fashions, the fact that only those hosts greatly enhanced the fluorescence of C1SP reveals the importance of the π-π stacking interaction. The importance of the π-π stacking interaction has been confirmed by the negligible high-field shifts on any signals of C1SP in the presence of NUCD-2, which is an ineffective host in enhancing the fluorescence of C1SP.
Finally, we found that fluorescence resonance energy transfer (FRET) occurred for the C1SP/PyCD-1 system, as shown in were in close contact. However, in the C1SP/PyCD-1 complex, the fluorescence of C1SP was not quenched, but enhanced. 12 Thus, the observation of FRET is reasonable for the C1SP/PyCD-1 complex, even with the energy donor of PyCD-1 and the acceptor of C1SP for close contact through the π-π interaction.
In summary, we found that the fluorescence of C1SP was greatly enhanced by forming stable host-guest complexes with some β-CD derivatives in which the π-π interaction played a critical role to enhance the fluorescence of C1SP. Our results clarified that C1SP expectedly behaves as a fluorescent indicator to explore π-π interactions in water, and may be useful in sensing and imaging molecular events involving π-π interactions that occur in physiological fluids and living cells. 
